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By Richard T. Whitcomb
SUMMARY

The addition of fuselage volume on top of the forward portion of .a
fuselage for the purpose of increasing the drag-rise Mach number of sub-
sonic airplanes at lifting conditions is investigated. The additions
have been designed on the basis of the area rule and other important
considerations to provide greater practicability of application compared
with shapings previously investigated. The additlion increased the drag-
rise Mach number by an increment of approximately 0.03 for a configura-
tion having a wing with moderate thickness and 35° of sweepback at a
1ift coefficient of 0.3. A lesser increase was obtained for a configura-
tion with a thicker wing. The additions increase the nonlinearities of
the variastions of pitching mocment with 1ift.

INTRODUCTION

In order to obtain higher cruise speeds for most alrplanes intended
to fly at high subsonic speeds, the drag rise associated with the onset
of shock waves at 1lifting conditions must be delayed. Unpublished date
obtained from investigations at the Ames and Langley laboratories of the
National Advisory Committee for Aeronautlcs have indicated that most
area-rule fuselage shapings (ref. 1) not only reduced the transonic or
supersonic wave drag but also delayed the drag rise. Speclal modifica-
tions of such fuselage shapings intended to provide greater practilca-
bility of application, as well as some improvement of effectiveness In
delaying drag rise, are proposed herein.

For existing airplanes and for designs where the minimum fuselage
dimensions are established by internal requirements, fuselage shapings
intended to delay the drag rise usually would be accomplished by increasing
the volume of the fuselage or by attaching appendages to the basic fuse-
lage structure. The practicability of the applicastion of such fuselage
additions is generally increased by consolidating such additions on limited
regions of the fuselage, inasmuch as this procedure generally results in a
. simplification and a reduction of weight of the fuselage structure and an

1The information presented ﬂérein, together with other material sub-
sequently found not to be significant, was previously given limited 4is-
tribution as RM L58H09b by Richard T. Whitcomb.
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increase in the usability of the added fuselage volume. Emphasis, there-

fore, has been placed on such concentrated additions in the present study.

To determine the effectiveness of the fuselage edditions proposed, tests «
have been made of a systematic group of such modifications with two repre-
sentative wing-fuselege combinations st Mech numbers from 0.75 to 0.98.

SYMBOLS
8 vertical extension of fuselage addition from baslic fuselage
Cp drag coefficient
LCp incremental drag coefficient
CL 1ift coefficlent
Cyp pltching-moment coefficient
M Mach number .
M incremental Mach number
r fuselage radius i
X longitudinal fuselage coordinate
o angle of attack

DESIGN CONSIDERATIONS

The onset of drag rise for an airplane with a relatively thick wing
at cruise 1lift coefficients is usually caused primerily by boundary-layer
separation on the upper surface of the wing resulting from the development
of an initial shock wave above the wing. This separation is usually less
severe on the fuselage and the inboard sections of the wing than on the
midsemispan region of the wing. The difference 1s particulerly great for
sweptback wings (ref. 2). Fuselages shaped to improve the longitudinal
area development for the airplane tend to reduce the strength of the
initial shock over the inboard region of the wing and thereby to further
increase the difference in extent of separation along the wing span.
Increasing the 1ift on the less critical upper surfaces of the fuselage
and the inboard sections of the wing and allowing thereby a decrease in
1lift on the more critical midsemispan region should result in a decrease
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In boundary-layer separation in this region. It would be expected that
the favorable effect of this reduction in separation on the midsemispan
region of the upper surface would be considerably greater than any adverse
effects of increasing the 1lift on the fuselage and inboard sections of the
wing, and thus an overall improvement should result. :

The localized increases of 1ift on the upper surfaces of the fuselage
and inboard sections of the wing may be accomplished by incorporating cam-
ber in the fuselage. For the usuasl fuselage additions intended to improve
the area developments, with forward and rearward additions above and below
the wing, the desired camber is effectively obtained by adding vertically
to the upper forward and lower rearward parts of such additions and sub-
tracting vertically from the lower forward and upper reasrward parts.

Inasmuch as the total lower fuselege addition and the upper rearward
addition reduced as described in the preceding paragraph cannot affect to
a8 large degree the boundary-layer separation on the upper surface of the
wing, it would be expecdted that these additions to the fuselage would con-
tribute relatively little to the reduction in total drag rise of the con-
figuration. Therefore, the fuselage addition may be limited to the upper
forwerd portion of the fuselage with little loss of effectiveness.

Unpublished experimental results indicate that the effectiveness of
area-rule fuselage shaping in delsying drag rise is only slightly depend-
ent on the lateral distribution of the shaping around the fuselage. There-~
fore, the development of fuselage camber through addition of volume, as
well as the practicability of application, can be improved by concentrating
the addition, limited as  described in the preceding paragraph, on the top
of the fuselage. A fuselage addition incorporated into the basic structure
should probably be shaped to fair into the lines of the fuselage in a man-
ner similar to thet shown in figure 1(a). However, an addition to a basic
fuselage structure could probably be concentrated laterally as shown in
figure 1(b) without a significant loss of effectiveness or increase in skin
friction.

Schlieren photographs have indicated that for the speed and 1lift con-
ditions at which the fuselage shaping normally is most useful, the flow is
usually supersonic to a considerable degree in a relatively large local
region above the upper surface of the wing. Therefore, 1t would seem
probable that the greatest reduction in the strength of the initial shock
wave in this speed range might be obtained if the fuselage addition above
the wing were shaped longitudinally to improve the area developments
obtained with the oblique cutting plenes associated with supersonic fields.
Such a shape may be approximated by moving the shaping for s design Mach
number of 1.0 (ref. 1) somewhat forwerd.

Because of the limitations of the area rule for the conditions under
consideration, the use of detailed area developments in the design of the
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shape of a fuselage additlon would not seem justified. Furthermore,
because of the extent of mixed flow for these conditions the use of
potentlal theory to define optimum fuselage camber wes not believed to
be justified. Hence, the cambered fuselage shapes investigsted herein
were arrived at by simple, arbitrary procedures.

EXPERIMENTAL CONFIGURATIONS AND TESTS

The initial part of the investigation was made with an uncambered,
moderately swept wing (fig. 1(c)) with moderate aspect ratio and section
thicknesses. Later tests were mede with a cambered swept wing (fig. 1(d)),
vhich hed higher aspect ratio and somewhat greeter sectlion thicknesses.

In order to distinguish between the configurations, the design shown in
figure 1(c) is referred to es the thin wing and that shown in figure 1(])
is referred to as the thick wing.

Design of Basic Configurations

The basic fuselage used in the present investigation is defined by
the ordinates given in the first two columms of table I. The two wings
of the experimental configurstions were obtained by attaching fiber glass
and plastic additions to the model used in the investlgation of refer-
ence 3. Both had 359 of sweepback of the quarter-chord line. The thin
wing had an aspect ratio of 3.85 and & taper ratio of 0.614k. The wing
sections varied linearly from sn NACA 65A010 section at the wing-fuselage
Juncture to sn NACA 65A006 section at the 0.60-semispan station, with an
NACA 65A006 section from that station to the tip. The thick wing hed en
aspect ratio of T7.05 and a taper ratio of 0.38. The wing sections varied
lineariy from an NACA 65A213, a = 0.5 (approx.) section at the wing-
fuselage juncture to an NACA 654209, a = 0.5 (epprox.) section at the
0.38-gemispan station, with en NACA 654209, & = 0.5 (approx.) section
from that station to the tip. Neither wing had any bulilt-in twist or
dihedrsl. However, because of the relatively low stiffness of the fiber
gless and plastic outboard extension for the thick wing, the tip region
of this wing had considerable twist and dlhedrel while the wing was belng
tested.

Design of Fuselage Additions

All fuselage edditions investigated, except one, were designed with
cross sections layed out as shown in figure 1(a). Four additions, with
the longitudinal profile contours shown in figure 2(a), were tested with
the thin wing placed longltudinally with respect to the fuselage as shown
in figure 1(c).
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The primary addition shown in figure 2(a) is the initial attempt to
obtain the most satisfactory consolidated addition for use with the thin
wing. The shape of this addition was obtained by shifting a contour
designed for a Mach number of 1.0 forward a distance of roughly 15 per-
cent of the chord at the wing-fuselage juncture. The M = 1.0 shape
was obtained by the following procedure. A relatively gradual concavity
of the fuselage area development, with & length approximstely equal to
one-half the chord et the wing-fuselage Jjuncture, was centered epproxi-
mately 10 percent of the Juncture chord ahead of the longitudinal station
of the maximum cross-sectional area for the wing; a relatively sherp con-
vex curvature was initiated at the station of the leading edge of the
Juncture; and the concave and convex regions were connected by a region
with a relatively greduel rate of change of slope. The maximum helght
of this primary addition was arbitrarily chosen as one-haelf the fuselage
maximum width.

The enlarged primary addition was obtalined by increasing the ordi-
nates of the primery addition by 50 percent. (See fig. 2(a).) The reduced
primary addition was obtained by reducing these ordinates by 50 percent.
The advanced primary addition was obtained by moving the ordinates of
the primery addition in the region of the wing forward 10 percent of the
wing-fuselage-juncture chord. The primary addition was also tested with
the wing moved forwsrd 1.0 inch, or 15 percent of the wing-fuselage-
Juncture chord, with respect to the position shown in figure 1(c). Inas-
rmuch as this change placed the fuselage addition in a more rearward posi-
tion with respect to the wing, this configuration is referred to ss the
"receded" primsry addition. The primary eddition has been investigated
with the thin wing one~half fuselage radius above and below the center
line of the fuselage. The other additions have been tested with the wing
only in the lower position.

The primary and enlarged primary additions have also been investi--
gated with the thick wing shown in figure 1(d). When used with this wing,
these additions were modified from that used with the thin wing so as to
have a somewhat sharper convex corner slightly farther forward. (See
table I.) The concentrated primary esddition, described in figure 2(e),
hes the same longitudinal area development as that for the primary addi-
tion in the region of the wing. However, forward of the meximum cross-
sectional area for the additions, the area developments are significantly
different.

Tests

The tests were made in the Langley 8~foot transonic tunnel over a
Mach number renge from 0.60 to 0.95 at a Reynolds number per foot of

approximately 4 x 106. The model was mounted for testing on a sting
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support extending to the base of the fuselage. Forces and moments were
obtained by use of an internasl strain-gage balance. Tests were made
without boundary-lsyer transition fixed by roughness strips.

RESULTS AND DISCUSSION

The veriations of drag coefficient, angle of atteck, and pitching-
moment coefficient with 1ift coefficlent for the various test configura-
tions are presented in figures 3, 4, and 5, respectively. The pitching-
moment coefficlents have been determined about the Y-axis shown in
figure 1. Varlatlons of these perametere with Mech number for a 1ift
coefficient of 0.3 are presented in figure 6. The results have been
adjusted to the condition of stream static pressure at the base of the
fuselage. Schlleren photographs of the shock patterns for several of
the test configurations are presented in figure 7.

Drag Characteristics

Effect of primary fuselage addition.- For the configuration with
the thin wing in a low position, the primary fuselage addition provides
an increase in the drag-rise Mach number of approximately 0.03 for a
1ift coefficient of 0.3 (fig. 6(a)). The drag-rise Mach number has been
arbitrarily chosen as the value at which ACp/AM = 0.10. The increases
for lower and higher 1ift coefficients are less than for a 1lift coeffi-
cient of 0.3. The reductions of shock-wave strength resulting in the
delay of drag rise for a 1lift coefficlent of approximstely 0.25 are
illustrated by the schlieren photographs of figure T. For the configu-
ration with the thick wing, the primery fuselage addition provides an
increase in the Mach number for drag rise of approximately 0.02
(fig. 6(b)).

The drag benefits associated with the proposed additlon appear to be
of the same order as those obtainable with the Kiichemann "streamline"
method for a comparsble configuration. (See ref. 4, for example.) How~
ever, the practicability of application of the present addition normally
should be conslderably greater than that of an addition required to pro-
vide the Kichemenn sheping.

Effect of vertical position of wing.- With the thin wing in the high
position, the effectiveness of the primesry addition in delaying and
reducing drag rise 1s essentially the ssme as with this wing in the low
position (figs. 6(a) and (c)). However, with the wing in the high posi-
tion, use of the primery addition results in a significant increase in
drag for the higher 1ift coefficients at the lower Mach numbers (fig. 3(c)),
an effect not present with the wing in the lower position (fig. 3(a)). It
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is believed that this increase.in drag may be attributed to flow separa-
tion on the upper surface at inboard sections of the wing, which results
from the strong induced upwash assoclated with the convex portion of the
addition. With the wing in the low position, the distance between the
addition and the wing is increased, with a resulting reduction of the
flow interference.

Effect of size of primery addition.- For the thin-wing conflguration,
reducing the size of the primary addition by one-half (reduced primsry
addition) resulted in roughly the seme decremse of effectiveness (fig. 6(d))
in delsying the drag rise. TFor this same configuration, increasing the
size of the primary addition by one-half (enlarged primary addition) caused
a significant increase in drag coefficient throughout the Mach number range
of the investigation. This increase in drag is probably due primarily to
the separation of the boundary layer on the addition near the reversal of
curvature indicated by the schlieren photograph (fig. 7). For the thick-
wing configuration, increasing the size of the primary addition by 50 per-
cent did not result in such an increase in drag (fig. 6(b)). These results
and schlieren photogrephs not included herein indicate that the boundsry-
layer separation present on this enlarged addition when used with the thin
wing has been essentially eliminated for this configuration. At the higher
1ift coefficients the enlarged primsry addition provides less reduction in
drag than does the primary addition, even for the thicker wing (fig. 3(b)).
On the basis of these limited results, it appears that fuselage addition
with meximm added areas roughly equel to that for the primery addition
investigated should provide the most satisfactory effectiveness over a
range of conditions for similer configurations.

Effect of longitudinal location of addition.- Movement of the primary
addition rearwerd with respect to the thin wing to a location corre-
sponding to a design Mach number of roughly 1.0 (the receded primary
addition) results in almost a complete loss of effectiveness of the addi-
tion in deleying dreg rise for a 1lift coefficient of 0.3 (fig. 6(e)).
Movement of the primary addition forward a distance of 10 percent of the
wing-fuselage-juncture chord (the advanced primary addition) results in
a slight incresse in drag coefficient throughout the Mach number range
of the test for a 1lift coefficient of 0.3 (fig. 6(e)). The relative
effectiveness of this addition in delaying the drag rise improves with
an increase in 1ift coefficient at the higher Mach number (fig. 3(e)),
because of the higher velocitles above the wing associated with this
increase of 1ift. These results indicate that for configurations simi-
lar to the present test model, the sddition proposed should be located
longitudinally in roughly the posltion of the primsry addition.

Effects of concentrating primary addition.- Concentration of the
added cross-sectional areas of the primsry addition into the limited
region shown in FPigure 2(c) resulte in only a slight loss of effective-
ness in reducing drag rise (fig. 6(f)). This result indicates that the
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initisl onset of shock and drag rise is normally only slightly dependent
on the shape of the fuselage shead of the wing. Therefore, within the
normal limitetions of subsonic airplene design, the form of the fuselage
eddition in this region may be chosen on the basis of practicality or
esthetics.

Iift and Pitching-Moment Characteristics

The various versions of the primary addition provide substantisl
changes of the pitching-moment coefficlents in the positive direction,
as would be expected. (See fig. 6, for example.) However, these
pitching-moment-coefficient changes are rather critically dependent upon
angle of attack and increase the nonlinearities in the pitching-moment
curves. (See fig. 5.) In some cases severe pltch-up tendencies are
encountered at rather low 1ift coefficients. (See fig. 5(b), for example.)

CONCLUDING REMARKS

The limited results presented herein indicate that a fuselage addi-
tion, concentrated on the upper, forward part of the fuselage, should
result in appreciable increeses in the drag-rise Mach number at lifting
conditions for most conventional configurations intended for £light at
high subsonic speeds. However, these additions increase the nonlineari-
ties in the pitching-moment curves, and the possible consequences with
regard to the longitudinal stability cheracteristics must, of course, be
considered when applying these additlons.

Langley Aeronautical Laboratory,
Netional Advisory Committee for Aeronsutics,
Langley Field, Va., August 6, 1957.
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TABLE T.~ ORDINATES OF FUSELAGE ADDITIONS®

NACA TN 4290

Basic fuselage Vertical extension, &, in., for =-
Primary Enlarged primary
X, r, Reduced Advanced
in. in Thin Thick Thin Thick primary primary
wing wing wing wing
0 0 0 0 0 o} 0 0
1.0 .58 0 o} 0 0 0 0
2.0 1.0k 0 0 0 o} o] 0
3.0 1.36 0 o] 0 0 0 0
k.0 1.56 .01 .0l .02 .02 0 .01
5.0 1.62 12 A2 A7 A7 .06 A2
6.0 1.62 .2k 2k .35 .35 .12 .25
7.0 1.62 .3l 3k «50 .50 A7 .36
8.0 1.62 RN i .65 .65 .22 A5
9.0 1.62 .52 .52 oTT i d .26 .5k
10.0 1.62 .59 .59 .88 .88 .29 .61
11.0 1.62 .66 .66 .98 .98 .33 .69
12.0 1.62 T3 T3 1.10 1.10 36 .T6
13.0 1.62 .79 .79 1.18 1.18 .39 .79
13.5 1.62 .81 .78 1.21 1.17 . 15
1.0 1.62 .78 T3 1.16 1.09 «39 67
14.5 1.62 72 .6l 1.07 . .36 .55
15.0 1.62 .61 .53 91 .79 .30 A2
16.0 1.62 3k 31 51 L7 A7 .20
17.0 1.62 .15 .13 .22 .20 .07 .06
18.0 1.62 Ol .03 .06 .05 .02 0
19.0 1.62 0 0 0 0 0 0
20.0 1.62 0 0 0 o} 0 0
21..0 1.62 0 o] 0 0 0 0
22.0 1.62 0 o] 0 0 0 0
23.0 1.62 0 0 0 0 0 0
24.0 1.62 0 0 0 o] 0 0
25.0 1.62 o} 0 0 0 o] o]
26.0 1.60 0 0 0 0 0 0
27.0 | 1.56 o 0 0 0 0 0
28.0 1.50 0 0 0 0 0 0
29.0 1l.hk2 0 0 0 0 o] o]
30.0 1.3k 0 0 o} o] o} 0
31.0 1.25 0 0 0 0 0 o
3L.7 1.19 0 0 o} o] 0 0

8g%ce figures 1 and 2.
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